Background/Purpose The new Biovision
Instrumentation Scanning laser tomography
Heidelberg Retinal Tomography (HRT) images the retina in three dimensions and therefore provides topographic measurements. This is achieved by the projection of a diode laser beam (670 nm) via a confocal system. The confocal system ensures that only light reflected from a defined focal plane, which the HRT places on the retina, is detected by the integrated photomultiplier. This main focal plane is a reference plane to which all elevations and depressions of the fundus are related.
To obtain three-dimensional measurements, HRT acquires 32 equally spaced confocal images along the z-axis (perpendicular to the optical axis). The image resolution is 256 X 256 pixels, resulting in 65 536 measurements per image. The operator defines the depth of the scanning range, which can be raised from 0.5 mm to 4 mm. The scanned field size can also be raised (10° X 10°, 15° X 15° or 20° X 20°). Reflectivity along the z-axis is used to generate a topographic image, measured in micrometres from the main focal plane.
To allow three-dimensional measurements of the disc, the margin of the optic nerve head has to be defined by the operator. The height values of the contour line are corrected for the influence of crossing vessels by an automatic interpolation. The calculation of the morphometric parameters is not influenced by the operator (i.e. HRT automatically computes these data for the entire nerve head on advice).
We obtained 10 independent 10° X 10° images per eye, centred on the optic nerve, during two separate sessions (five images per session). The pupil was not dilated in any case. After each acquisition, the instrument verified that exposure was correct; images with improper exposure or eye movement were excluded. The images were stored in a file on the hard disk drive of the instrument and the following parameters computed: disc area; cup area; cup / disc area ratio; rim area; cup volume; rim volume; mean cup depth; maximum cup depth; mean retinal nerve fibre layer (RNFL) thickness and RNFL cross-section area. The maximum vertical optic cup diameter was calculated as follows. First, the topographic image of the optic nerve head was displayed on the monitor. Next, under guidance of the Y-profile (Fig. 1) , the maximum VOCD (the greatest vertical distance 'below contour') was defined. Finally, the distance between markers placed at each end of the maximum vertical optic cup diameter was calculated by the computer. The maximum horizontal optic cup diameter was calculated in the same way, but using the X-profile as a guide. Using this instrument the following two-dimensional parameters of the optic cup were measured: maximum vertical optic cup diameter; maximal horizontal optic cup diameter; maximum optic cup depth. The ultrasound probe is orientated in the appropriate plane until the desired view of the optic cup is obtained. This image is then frozen and displayed on the monitor (Fig. 2) .
Maximum vertical optic cup diameter was defined as the greatest distance between the superior and inferior lips of the posterior concavity of the optic nerve head, whereas maximum horizontal optic cup diameter was estimated as the greatest distance between the right and left lips of the cup. Maximum cup depth was judged to be the greatest distance between the base of the cup and a point midway between the edges of the cup. All 
Statistical methods
The accuracy of ultrasound measurements was quantified by comparing the B-scan measurements of the two-dimensional optic cup parameters with the corresponding measurements taken by the HRT. The relative error was defined as:
Relative error = �W;��� � X 100-100%
The difference between corresponding readings taken on the two instruments was also calculated. The standard deviation (SD) and the mean of these differences was used to calculate the 95% limits of agreement between the two instruments (mean ± 2 SD), and Bland-Altman plots were drawn. This result indicates that, for 95% of observations, the difference between methods will fall within this range. The 95% confidence interval for the bias of echographic readings was also computed. 4 To establish whether the size of the two-dimensional optic cup parameters influenced the accuracy of our measurements, a simple regression analysis between the HRT-ultrasound discrepancy and the subject mean was also performed. Where measurement errors were of normal distribution, reproducibility of the readings taken on each instrument was expressed in terms of the coefficient of repeatability. This represents the value below which the difference between two measurements will lie with probability 0.95 and is given by:
Coefficient of repeatability = 2 X ";2 X SD2 Test-retest variability was estimated by calculating the 95% limits of agreement between initial and retest values.
Reproducibility and test-retest variability were then compared for the two instruments. Fig. 3 . Relative error of B-scan estimates of maximal vertical optic cup diameter with respect to HRT measurements.
Vertical ophc cup diameter as measured by HRT 
Results
We recruited 20 patients (16 glaucoma subjects, 4 ocular hypertension (OHT) subjects) into this study. Of these, 13
were male. The mean age of our sample (± SD) was 62.25 ± 13.7 years (OHT, 69.5 ± 10.6 years; glaucoma, �-Z';
Observations Fig. 9 . Relative error of B-scan estimates of maximal optic cup depth with respect to HRT measurements. Optic cup depth as measmed by ultrasound (mm) Table 1) .
Accuracy of ultrasound readings (relative error) and agreement between readings taken on the two instruments (correlation coefficient and 95% limits of agreement) are given in Table 2 and displayed graphically in Figs. 3-11 .
Discrepancies between HRT and ultrasound readings were independent of subject mean (VOCD [simple regression analysis]: p = 0.99; HOCD: p = 0.08; cup depth: p = 0.93). The 95% confidence intervals for the bias of ultrasound readings were 95 ::t: 481 -l m, -19 ± 72l-lm and -87 ::t: 328 I-lm for VOCD, HOCD and cup depth measurements respectively.
Indices of reproducibility (coefficient of repeatability) and test-retest variability (95% limits of agreement between initial and retest values) are given in Table 1 .
Discussion
Clinically, pathological optic disc cupping is distinguished from the physiological cup by loss of the symmetrical rim of normal-appearing disc tissue, increasingly evident laminar dots,5 the bayoneted appearance and nasal deviation of disc blood vessels,6 notching of the neuroretinal rim and interocular asymmetry of the cup / disc ratio?
In the modern clinical setting, the optic disc is most commonly assessed using the 60, 78 or 90 dioptre lens at the biomicroscope, and an estimate of the cup / disc ratio recorded in the medical notes. This method of monitoring optic disc cupping is unsatisfactory for several reasons. First, because the optic cup appears paler than surrounding disc tissue, there has been a tendency to define the cup in terms of colour change, which often does not reflect the cup as defined by configuration.s Also, cup / disc ratio is an incomplete representation of the nature of the optic cup as it ignores depth and fails to provide a description of the shape of the cup. Furthermore, many factors influence the accuracy and reliability of slit-lamp estimates of disc morphometry including lens and individual ocular magnification factors, and inter-and intra-observer variability.9-11 Consequently, several methods designed to analyse optic disc morphometry without observer bias have been developed. These include planimetry,12,13 image analysis of stereoscopic photographs,14 optical coherence tomography,15 and confocal scanning laser tomography.1,16-19 Each technique has its own limitations, and all require expensive specialist equipment. Clear optic media and pupil dilatation are preferable if good image quality is to be obtained with any of these instruments.
The role of ultrasonography in the assessment of the optic cup has been previously investigated,z°-22 In the first report, advanced cupping (cup / disc ratio ;;'0.7) was detectable as a concavity in the posterior pole,zo Darnley Fisch and co-workers21 showed that high-resolution contact B-scan could accurately categorise cups as small, medium or large. More recently Winder and Atta22 have shown a strong correlation between optical and ultrasonic cup diameters, and concluded that optic disc cups of 0.5 mm or larger could be defined by B-scan echography. However, the present study represents the first evaluation of optic cup measurements by a new generation, high-resolution, eye-dedicated B-scanner by comparing the results with HRT, the accuracy of which has been established. 2, 3 One obvious disadvantage of ultrasonic optic cup assessment is that the disc edge cannot be discerned by ultrasound, and therefore a cup/disc (C/D) ratio is not calculated. However, several studies investigating the correlation between structural optic disc measurements and functional impairment have failed to identify the C/D ratio as a reliable predictor of field 10ss.23,24 Disc rim area and the third central moment of the frequency distribution of the depth values for the optic disc structures have, however, been shown to correlate strongly with visual field deficit. 19, 23, 24 We investigated the reliability of two-dimensional optic cup data as measured by ultrasound, and assessed the agreement of these results with those of Heidelberg Retinal Tomography. We considered HRT values as 'actual values' in determining the relative error of ultrasound measurements. This assumption is based on the high degree of accuracy of laser tomography, estimated as 0.3-3.1% for cup diameter, 2% for cup area and 11.7% for cup depth measurements when verified against a model eye?, 3 We found echo graphic measurements of two dimensional optic cup data to be reliable, with indices of reproducibility and test-retest variability comparable to those of scanning laser tomography. The accuracy of these observations was also encouraging, reflected in the high degree of correlation between ultrasound and HRT readings for vertical and horizontal cup diameters and, to a lesser degree, for cup depth. The mean relative error for B-scan estimates of two-dimensional parameters was between 3% and 12%. However, the 95% limits of agreement between the two methods (the range within which differences between corresponding readings taken on the two instruments will lie in 95% of cases) were not so small that the instruments can be used interchangeably. How small this difference has to be depends on the measurement and the use to which it is to be put. It is a clinical, not a statistical, decision. For purposes of glaucoma follow-up and the detection of subtle changes in optic nerve head morphometry over time, such as the annual loss of approximately 3% of neuroretinal rim area in glaucoma patients undergoing treatment,25 this degree of accuracy is clearly inadequate.
However, there remain many clinical situations where the two-dimensional measurements of the optic cup will contribute to patient care. First, a substantial increase in the B-scan estimate of a two-dimensional optic cup parameter over time (Le. one which exceeds the limits of test-retest variability) can be considered as objective evidence of progression of cupping. Second, two dimensional optic cup parameters can now be reliably measured without the use of expensive specialist equipment and in the presence of media opacities. Although a pathological cup cannot be distinguished from a physiological cup on the basis of size alone, a small cup is clearly less likely to be pathological. Comparison with the fellow eye will also assist in the distinction? Patients with dense lens opacities awaiting cataract surgery and with an uncertain visual prognosis would benefit from such ultrasonic optic cup measurements, especially in those cases where extensive glaucomatous damage is suspected.
